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Searching for variations of nature’s fundamental constants is a crucial step in our quest to go beyond our
current standard model of fundamental physics. If they exist, such variations will be very likely driven by
the existence of a new fundamental field. The Bekenstein model and its extensions introduce such a scalar
field in a purely phenomenological way, inducing a variation of the fine-structure constant on cosmological
scales. This theoretical framework is as simple and general as possible while still preserving all the
symmetries of standard quantum electrodynamics. When allowing for couplings to the other sectors of the
Universe, such as baryons, dark matter, and the cosmological constant, the Bekenstein model is expected to
reproduce the low energy limits of several grand unification, quantum gravity, and higher dimensional
theories. In this work, we constrain different versions of the Bekenstein model by confronting the full
cosmological evolution of the field with an extensive set of astrophysical, cosmological, and local
measurements. We show that couplings of the order of parts per million are excluded for all the cases
considered, imposing strong restrictions on theoretical frameworks aiming to deal with variations of the

fine-structure constant.

DOI: 10.1103/PhysRevD.106.083522

I. INTRODUCTION

The fundamental constants of a given theory are quan-
tities that can be measured but not derived within it. As
such, they set the intrinsic boundaries of what a given
model can explain. The contemporary standard model of
particle physics contains at least 19 such parameters (a
complete list can be found in [1]). The detection of a space-
time variation of one of them would be a ground-breaking
discovery as it would indicate that an underlying dynamical
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mechanism must exist to explain their values, proving that
new physics is yet to be discovered. Moreover, such a
variation would be in direct violation with the universality
of free fall' (in other words, the weak equivalence principle)
and the local position invariance.

According to Schiff’s conjecture, this would mean a
violation of the broader Einstein equivalence principle, one
of the cornerstones of the general theory of relativity and,

'A variation of any of the fundamental constants would make
binding energies, and thus masses of elements, space-time
dependent quantities. As discussed in [1], this implies a non-
geodesic motion (regarding the Levi-Civita connexion) depend-
ing on the composition of the element.

© 2022 American Physical Society
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more broadly, of all metric theories of gravity (see, e.g.,
[2-4D).

If so, gravity could no longer be described as a
geometrical phenomenon of space-time alone and/or the
existence of a fifth force would be required (see, e.g., [5]).
As such, testing the stability of fundamental constants on
local and cosmological scales provides a powerful test of
fundamental physics beyond the reach of particle accel-
erators (see, e.g., [1,6,7]).

Since fundamental constants appear as theoretical foun-
dations of a theory, the variations of the free parameters of
our standard model are expected in most of the theoretical
frameworks aiming to extend it, such as quantum gravity,
grand unification, and/or theories involving extra dimen-
sions. One such example is the dilaton field in string
theories [8].

The fine-structure constant apy = a = e*/(dneyhc) is
the dimensionless gauge coupling quantifying the strength
of the electromagnetic interaction between charged par-
ticles. As such, it can be measured very accurately using
various local and astrophysical phenomena involving light.

Using a great variety of independent datasets, one can
then accurately map the value of a across space and time
(see, e.g., [9]).

While the values of fundamental constants with dimen-
sions (e.g., ¢, A, or G) are dependent of the choice of a unit
system, dimensionless ratios (as gauge couplings, mass
ratios, and symmetry breaking angles) will always have the
same values in any units. One can indeed safely choose the
natural units 7 = ¢ = G = 1, while instead setting a = 1
would deeply change all the physics of the Universe.
Therefore, looking for variations of dimensionless con-
stants is the only fully consistent approach, since their
values are universal. Moreover, the dimensionless constants
deeply quantify the behavior of physical phenomena.

However, from a theoretical point of view, the fine-
structure constant cannot vary arbitrarily through cosmic
history. Indeed, one would like to preserve fundamental
symmetries of physics and their associated conservation
laws such as local stress-energy conservation or gauge
invariance. A safe way to do so is to implement the
variation of a from an action principle. As originally
proposed in [10,11], one can promote the electric charge
of the electron itself to a scalar field. This model, called the
Bekenstein model, has been further generalized accounting
for interactions with matter into the Bekenstein-Sandvik-
Barrow-Magueijo (BSBM) model [12-15] and finally by
allowing for different couplings of the field with baryons,
dark matter, and dark energy by Olive and Pospolov (O&P)
in [16,17]. In the later form, the model provides a very
general framework to constrain variations of a induced by a
scalar field that could be motivated by a high energy
physics theory.

In the present work, we provide updated constraints on
the BSBM and O&P models, treating for the first time their

full cosmological evolution by doing a full Bayesian
statistical analysis that combines a modified version of
the cLASS Boltzmann solver [18] and Monte Carlo Markov
chains (MCMC) using MONTEPYTHON [19,20].

We start by introducing the notation and theory under-
lying the BSBM and O&P models in Sec. II. We then
introduce the data in Sec. III, which is later used in Sec. IV
to constrain these models. Finally, we conclude by sum-
marizing our most important results in Sec. V.

II. THEORETICAL BACKGROUND

A. Bekenstein’s model and the Bekenstein-Sandvik-
Barrow-Magueijo extension

The original Bekenstein model introduced in [10] and
discussed more extensively in [11] seeks a purely phe-
nomenological minimalist implementation of a varying
fine-structure constant a that remains theoretically self-
consistent with standard quantum electrodynamics (for a
discussion on self-consistency of varying a models, see,
e.g., [1,11]).

To do so, one assumes that a variation of the electron
charge e is induced by a free scalar field ¢ as e(x*) o e(x*).
The fine-structure constant will then change according to
a  €2. At the action level, ¢ must have a kinetic term. Its
presence will also change the couplings (charges) appear-
ing in the electromagnetic covariant derivatives, leading to
a necessary redefinition of the connection coefficients A —
€A and its associated 2-form -curvature/field strength
F(A) — F(eA). In order to preserve the gauge invariance
of the theory under the unitary group U(1), an extra factor
of €2 « a~! is required in the kinetic Lagrangian density
of the photon field. Such a term is formally equivalent to a
space- and time-dependent change in the vacuum’s
permeability.

With the additional change of variable ¢ =In(e), the
variation of the fine-structure constant with redshift is then
given by

— 2
%(Z):a % _ <£> — 1=k 1, (1)
0] o €0

with the index O labeling values of objects at z = 0 and
ay ~ 1/137 being the value of the fine-structure constant as
measured locally in the laboratory [21]. From Eq. (1), one
can derive the expected rate of variation of the fine-
structure constant today as

1 (@ ,
i), =4 @

Hereafter, primes denote derivatives with respect to In(a),
and dotted quantities refer to derivatives with respect to the
cosmic time 7. In this basis of the field ¢, the full U(1)
invariant action for the cosmological model is given by
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where R is the Ricci scalar and Mp = (82G)™'/? the
reduced Planck mass, and we set c = 2 = 1. M, is a mass
scale associated to the ¢ sector, and F*¥ is the electro-
magnetic field tensor associated to the connection €A,. In
the present work, we assume that M, = Mp;, meaning that
the energy scale of the varying constant theory is close
to the one of quantum gravity as one would expect for a
given unifying theory. Varying fundamental constants
would also imply direct violations of the Einstein equiv-
alence principle and/or the existence of a fifth force
mediated by ¢ (see, e.g., [1,3,4]). As in [12,14,15], we
introduce an additional free parameter quantifying this
effect, { = Lgy/p, where p is the energy density, assessing
the change of electromagnetic binding energies of matter
(and thus masses) in the presence of ¢. This { can be
connected to the Eo6tvos parameter 7, quantifying the
violation of universality of free fall as

n~3x107%¢. (4)

As discussed in [12], the value and sign of { strongly
depend on the nature of dark matter and its ability to
interact with ¢. Extremizing the action given by Eq. (3)
with respect to ¢ and including this extra coupling to
matter, one obtains the equation of motion for the field,

: 2
¢+ 3Hp = -5 e ¢p,,. (5)

*

When extremizing the action with respect to the metric g, ,
one can derive a modified version of the Friedman equation
as

87G
H2 = T L0m<1 + €€_2¢) +pr€_2¢ +p¢ +pAL (6)

where the field density and pressure can be deduced from
the action Eq. (3) as

M2P M2P

From previous constraints on its coupling (e.g., [15]), we
expect the contribution of the energy density of the ¢ field
to be subdominant. As such, also its linear theory pertur-
bations do not contribute meaningfully to the gravitational
potential and can be neglected. Hence, we only show the
unperturbed Friedmann equation. The same reasoning is
applied to all the models considered in the present work.

B. The Olive and Pospelov extension

The Bekenstein model can be generalized in a straight-
forward way, by letting ¢ be a scalar field inducing any
possible variations of the fine-structure constant through a
general function a o By(¢p)~'. Here again, in order to
preserve gauge invariance, the field has to couple to the
electromagnetic Lagrangian as

1
Lem = —ZBF(@FWFW- (8)

A simple extension to this model is to assume that ¢
can have analogous couplings with all the fermion fields of
the standard model y, the dark energy assumed to be a
cosmological constant A, and a dark matter par[icle2 x- We
refer to this version of the model, proposed in [16], as O&P.
The cosmological action becomes

1 1
S = / d*x\/=g {—EM%,IR + EMza,,(paﬂ(p — M3 AoBA(9)

- %BF(¢)FWFW + l/_/(l']/”D” - mu/Bxy(¢))W
+ ("D, — M, B, ($))x = V(9)|. 9)

We consider for this work that V(¢) =0 and leave the
discussion of cases with nonzero potentials for future work.
As justified above, the field is considered as homogeneous,
and we do not solve its perturbations equations. The B;(¢),
i € [, F,y] are the coupling functions of the field with
the different sectors. Their deviation from 1 encodes the
strength of the scalar field coupling. Assuming that the field
value remains small on cosmological time scales, one can
expand the couplings up to first order as

Bi(¢) = 1 + (¢ — o). (10)

around today’s value A¢ = ¢ — ¢y < 1. This expansion is
expected to be a very good approximation as the B; are
already constrained to be very close to unity by observa-
tions [16,17]. Given the already relatively wide allowed
parameter space of the model, including the second order or
higher order terms in this expansion is not necessary as
their contribution to the field evolution is subdominant.
Using this expansion for By (¢), one immediately obtains
the first order evolution of the fine-structure constant with
the field

A @)y pig)—1=—¢eap (1)

Qo Qo

The model was originally conceived with the light super-
symmetric neutralino forming the Weakly Interactive Massive
Particles.
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where we again Taylor expanded in A¢ and stopped at first
order. From this expression, one can derive today’s time
derivative of a as

1 (@ )
m(zo)zf‘“"’“ (12)

As in [16,17], we also further assume that the back-
ground cosmology evolution in the O&P model remains
given by the canonical Friedmann-Lemaitre equation,

H\?2 8zG
)TN, 13
<H0> 3 ip, (13)

where the sum extends to the field’s density that remains
given by Eq. (7). This assumption is reasonable since, as we
show, those corrections are expected to be extremely small.
Minimizing the action with respect to ¢ gives the coupled
Klein-Gordon equation of motion,

. . 1
$+3Hp=—=5> pici (14)

where {; = ({,.{a. {5). Note that - does not appear in the
equation of motion due to a null averaging of the photon
fields (F?).

For a system of two masses of aluminium and platinum,
the Eotvos parameter 5 quantifying deviations from the
weak equivalence principle can be expressed as [16]

N2, =¢p +29%x107¢p), (15)

where ), and ¢, are, respectively, the coupling constants of
the field to protons and neutrons. To simplify the parameter
space, in the following, we assume that there exists a single
coupling to baryons ;, such that ¢, ~ {, ~ {;, allowing us
to write the simple expression for the E6tvos parameter # in
terms of the couplings constants as

n=~2.9x1072¢,¢p. (16)

Due to the degeneracies of the parameter space appearing
in the observables, one can only constrain their product.
As such, we introduce the new product parameters #;
defined as

m, = Z.:FC;(a (17)
My = Crls, (18)
na = Créa- (19)

Since we are constraining these new product parameters
instead of the £, we only recover properly the product

quantities ¢y and {r¢), instead of the raw field param-
eters themselves.

ITII. DATASETS AND LIKELIHOODS

We exploit the synergy of multiple datasets and their
corresponding likelihoods in order to constrain the models.
All these measurements are independent and probe funda-
mental physics at a great variety of space-time scales. The
cosmology datasets are already implemented in the
MONTEPYTHON code, while the fine-structure constant
and Einstein equivalence principle likelihoods are imple-
mented as Gaussian priors.

A. Cosmological datasets

In order to constrain the background cosmology, we use
the likelihood based on the Pantheon Type Ia Supernovae
sample [22]. We also include large scale structures and
baryon acoustic oscillation data from the Boss DR-12
galaxy survey [23] as well as cosmic clock measurements
from [24]. All of these give sharp constraints on the
possible evolution of the Hubble parameter H(z).

We also include the cosmic microwave background
(CMB) intensity, polarization, and lensing power spectra
likelihoods from the latest Planck 2018 data release
[25,26].> This likelihood is giving a unique lever arm at
7 ~ 1100, further constraining the cosmology and the scalar
field evolution at very high redshift.

B. Fine-structure constant and
Einstein equivalence principle

Using high-resolution spectroscopy, one can obtain very
accurate measurements of a from astrophysical sources.
Doing so is possible from the position of absorption lines of
the gas along the line of sight of quasistellar objects
(quasars) at high redshifts. The positions of the lines are
expected to change with @ in a transition-specific fashion
(quantified by a so-called sensitivity coefficient) that can be
disentangled from the linear effect of redshift. We use a
collection of measurements of the fine-structure constant
from [27,28] as well as a recent precise and accurate
measurement from the ESPRESSO spectrograph [29].

The value of a at z =0.14 can also be inferred from
abundances in the Oklo natural reactor on Earth [30],

A
2 (z=0.14) = (0.005 £ 0.061) ppm. (20)
Qo

Laboratory atomic clock experiments can use optics to
constrain the current rate of change of « [31], which can be
expressed in a dimensionless form as

*Likelihoods can be found on the Planck legacy archive.
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1 (&
— (=) =(0014+0015) ppm.  (21)
H, (0‘0>z=o )

Finally, sharp constraints can be added to the models
considering limits on the violation of the weak equivalence
principle by the MICROSCOPE satellite testing the univer-
sality of free fall with two test bodies orbiting Earth [32],

n=(-15+27)x 10" ppm. (22)

IV. RESULTS

We constrain the models by sampling over their param-
eters using MCMC chains with MONTEPYTHON [19,20]
combined with a modified cLASS version [18]. A discus-
sion of the impact of a varying @ on cosmology can be
found in [33,34]. The contour plots are made using the
GETDIST Python package [35]. Computations are made on
the cluster of the Marseille dark energy center (Mardec).

The cosmological parameters we are sampling over are
the reduced baryon and cold dark matter densities @, =
Q.42 and w gy, = Qeqmh?, the reionization redshift z,;,, the
Hubble constant H,, the amplitude and tilt of the primordial
power spectrum n and In(10'°A,), and the couplings ¢ or
n,; of the Bekenstein models. We adopt flat and unbounded
priors for all of these parameters. We are additionally
sampling over the 21 nuisance parameters of the Planck
likelihood and the absolute magnitude M of the reduced
Pantheon likelihood. The |R — 1| convergence values,
further chain information, and full corner plots can be
found in the Appendix.

We fix the values of the initial field value and speed to
zero when 7 — oo, since one can show that these parameter
choices in the radiation era do not impact the late time
evolution of the field, due to the existence of attractor
behaviors. The actual value of the field ¢ (or {r¢hy) and its
speed ¢, (or {r¢p) are derived but not sampled over.

A. BSBM model

Originally, the BSBM model has been introduced using a
length scale w to define the field units in the action [Eq. (3)]
instead of the mass scale M, [12]. The parameter @ is then
assumed to be close to the Planck length @ ~ G [14,15]. In
our notation, this would correspond to M, = 1, but we
choose to instead absorb this different choice in a redefi-
nition of the coupling constant, with £ = 8z¢ in order to
allow for a direct comparison with previous literature. In
Fig. 1, the derived contours of (:“ , (o, and ¢, are displayed
using all the likelihoods introduced in Sec. III. The
corresponding best-fit values and their ¢ values can be
found in Table I. We derive

0.4
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=02

t
0.03
0.02

0.01
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0.00 -

-0.01

L L L L L L L L s L
-04 -02 0.0 0.2 -02 00 02 04 0.00 0.02

¢ do %o

FIG. 1. Contour plots for the single rescaled BSBM parameter ¢
and the two derived parameters ¢y and ¢, expressed in ppm. The
contours lines are representing the 68% and 95% confidence
levels.

¢ =-0.101011 ppm. (23)

This result coincides with the one obtained in [15],
providing a validation of our methodology. Note that
adding the recent update of the MICROSCOPE bound
in the present work does not change this result. Indeed, a
back to the envelope calculation combining (22) and (4)
allows us to evaluate the width of the Gaussian prior
expected from the MICROSCOPE likelihood on ¢ to be
~22 ppm, which is one order of magnitude larger than the
one we obtained. We can hence conclude that atomic clock
measurements provide most of the constraining power on
the BSBM model. For the first time however, the full model
has been constrained together with the cosmological
parameters and full evolution of the field right after
inflation (the full plot can be found in Sec. A 2, in Fig. 4).

Only parameter ¢ appears however to be largely uncor-
related with cosmological parameters, explaining why the
two analyses lead to identical results. The field speed is

TABLE 1. Best-fit values of the BSBM parameters with
associated 68% confidence levels (CL) in ppm.

Parameter 68% CL

¢ —0.0931519

$o 0.112019

$ 0.0066 50473
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FIG. 2. Left: contour plots for the O&P model under the universal matter coupling assumption with three different likelihood sets:
Alves (gray), E6t-Wash (red), and Current (blue). Right: close-up view on the O&P parameter space using the Current likelihood set. For

both plots, all parameters are expressed in ppm.

constrained at one sigma as ¢ = (6.673) x 1073 ppm,
while the field itself is constrained as ¢y = 0.117{5 ppm.
As expected, ¢ and the field parameters are highly
correlated since they are directly related through the
equation of motion [Eq. (5)].

B. O&P model: Universal coupling to gravity

Before constraining the full parameter space of the O&P
model, we first assume that the field couples identically to
baryons and dark matter through a single parameter
{m={p=2¢,. As in Sec. IIB, one can then introduce
the corresponding product parameter #,, = {p(,,. This
reduction of the parameter space allows a direct comparison
with previous works, such as [17]. We ran a first set of
chains with all the likelihoods introduced in Sec. III
(hereafter noted Current) and a second one removing the
MICROSCOPE prior and replacing our atomic clock
likelihood by the one used in [17] and originally obtained
in [36] (hereafter noted Alves). We also consider a third
situation replacing the MICROSCOPE likelihood by the
earlier measurement of # from torsion balance by the Ett-
Wash group [37] (hereafter noted E6t-Wash). This last test
allows us to assess the impact of weak equivalence
principle tests on the parameter space and quantify the
improvement brought by the recent MICROSCOPE results.

A contour plot comparison of the O&P parameters in the
three scenarios can be found in Fig. 2, and the correspond-
ing best-fit and confidence interval values are displayed in

Table II. As expected, the Alves case gives results com-
parable with the ones of [17], constraining the two
parameters 7, and 77, at the ppm level, displaying a strong
degeneracy between the two parameters, as they both
appear on the same footing in the equation of motion
[Eq. (14)]. Adding a prior coming from experiments
searching for violations of the WEP allows us to strongly
break degeneracies as it directly constrains the coupling to
matter 7,,. Indeed, as shown in Fig. 2, adding either the
MICROSCOPE or Eot-Wash likelihood severely restricts
the otherwise very degenerate combination of #,, and #,.
MICROSCOPE provides however sharper constraints on
the matter coupling by two orders of magnitudes. By
setting the constraint

TABLE II.  Best-fit values of the parameters for the O&P model
universally coupled to matter with associated 68% confidence
levels (CL) in ppm, from the combination of currently available
data. For comparison, the analogous constraints for two earlier
sets Alves and Eot-Wash (see the main text) are also shown.

68% CL 68% CL
Parameter Current Eot-Wash 68% CL Alves
M (=0.541086)x 1077 (=0.257043) x 107> 0.0575¢,
na 0.0254+0.027 0.024109. -04+1.1
Crdo —000T3GWE —0.007' 00T —0.7°8
Crly —0.00140%16  _0,015091>  0.17+£0.27
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FIG. 3.

M = (0.5758°) x 1077 ppm, (24)

this parameter relaxes its correlation with {z¢y and {r¢hy,
and cannot significantly impact the field equation of motion
anymore.

Comparing the Current and E6t-Wash cases clearly
shows that an improvement of the accuracy of WEP
measurements does not further sharpen the posterior dis-
tribution of the coupling to dark energy, which is mainly set
by the atomic clock likelihood, constraining 7, at one
sigma to

0 2 =20 0 20 —0.05 0.00

na Crdo Crdo

Contour plots of the Bekenstein parameters in the full O&P model in ppm.

na = (0.025 +0.027) ppm. (25)

Here again, as shown in Fig. 5 of the Appendix, the
constraints on the parameters of the Bekenstein field are
strong enough to largely break all possible degeneracies
with cosmological parameters, leaving both mostly inde-
pendently constrained. Overall, this leads to an improve-
ment of the previous constraints of a factor of ~10% for 7,,
and ~100 for 7, considering this time the full cosmologi-
cal evolution of the field with minimal assumptions.
Couplings of order ppm are now excluded for this model.
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TABLE III.  Best-fit values of the parameters for the full O&P
model with associated 68% confidence levels (CL) in ppm.

Parameter 68% CL

y -0.247083

Mo (=0.547993) x 1077

N 0.34 1043

Croo 2.87480

el 0.015 /408

C. Full O&P model

We now turn to the full O&P model. We propose here for
the first time a constraint of its full parameter space as no
previous such studies can be found in the literature. The
contour plots for the field parameters can be found in Fig. 3,
and the associated best-fits with confidence levels are
displayed in Table III. The MICROSCOPE prior is acting
here directly on 7, analogously to what occurred for 7,, in
the previous subsection, leaving the strong degeneracy
between 7, and 57,. The atomic clock likelihood indeed is
sharp enough to break the degeneracies between (¢’ and
(n,.11a), by constraining the field speed to be so small that
the impact of both couplings on the speed is indistinguish-
able. Nevertheless, here again, we see that order ppm
parameters are excluded by our combination of datasets.

As shown in Fig. 6, even this full model with a wide
parameter space shows few degeneracies with the cosmo-
logical parameters, and as such, it is constrained to have a
minimal impact on the standard expansion history of the
universe.

As shown in Table 1 of [16], several models beyond the
standard model of cosmology and particle physics such as
Brans-Dicke, supersymmetry, or string theory inspired
models are supposed to be contained within the framework
of this extended parameter space. By excluding couplings
greater than fractions of ppm, our constraints exclude their
naturally expected values for most of these models.

V. DISCUSSION AND CONCLUSION

Bekenstein models offer a very general and consistent
framework for tests for variations of the fine-structure
constant on cosmic scales. Even though it is expected to
describe the low energy limit of several models beyond the
standard models of cosmology and particle physics, it is
tightly constrained by contemporary data and expected to
behave very close to the standard model. Specifically, we
found that in all the generalizations considered couplings of
order of parts per million (ppm) are excluded. The synergy
of local, astrophysical, and cosmological measurements of
high precision applies an increasingly strong pressure on
the credible models encompassing variations of the funda-
mental constants.

In this work, we constrained three implementations of the
Bekenstein model. First, for the BSBM model, we have
recovered, with a wider parameter space and a different
methodology, the constrains derived in [15]. This also
provides a validation of our numerical analysis pipeline.
Then, we constrained a variation of O&P having a common
coupling for baryonic and dark matter as in [17]. We improve
previous constraints on this model by a factor of ~100 for 77,
and ~108 for#,,. This large improvement is mainly due to the
addition of very accurate local data as the MICROSCOPE
prior on the universality of free fall and an improvement of
the atomic clock constrain on the time variation of the fine-
structure constant by an order of magnitude.

Finally, we provided a constraint of the full O&P model
for the first time, allowing us to exclude natural values for
the couplings for almost all the high energy physics
theories encompassing a varying a proposed in the original
paper of [16], excluding a large part of the parameter space
of the models.

In all these analyses, we saw that parameters are too
sharply constrained by fine-structure constant and Einstein
equivalence principle measurements to have a significant
impact on cosmological evolution, as the parameters of the
Bekenstein field become mostly decorrelated from cosmo-
logical ones. As it quantifies the interaction between
photons and matter, it is however known that a varying
a could have a strong impact on the physics of recombi-
nation, changing its overall duration and the width of the
last scattering surface. As such, some models inspired by
the Bekenstein one could significantly impact the recovered
value of H and provide ways to relax the Hubble tension
(see [34,38], or [39] for a similar idea with the electron
mass). One way to do so could be to introduce a more
complex parameter space, with a different ¢» dependence of
the couplings, the possibility of a decay of ¢ at intermediate
times, or a nonzero potential V(¢). We note that the latter
option might be subject to fine-tuning issues. As such, this
kind of investigation is left for future works.

In this quest for high precision tests of fundamental
physics, further progress is to be foreseen. In the short term,
the currently available MICROSCOPE bound is expected to
be further improved. In the longer term, new experiments,
under construction or being planned will enable direct tests of
the stability of fundamental constants with an accuracy never
reached before. In particular the high-resolution spectro-
graph for the Extremely Large Telescope, formerly called
ELT-HIRES and now known as ANDES [40] (whose phase B
of construction is starting and expected to be operational in
about 8 years) should improve the sensitivity of astrophysical
measurements of a by at least one order of magnitude, while
also extending the range of redshifts that ESPRESSO can
probe. Moreover, recent theoretical and experimental devel-
opments open the possibility of improving the sensitivity of
local atomic clock tests on the current drift rate of @ by several
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orders of magnitude, by relying on thorium-229 based
nuclear clocks [41].

Constrains on the stability of fundamental constants on
very large scales are also expected from wide cosmological
surveys. Synergies between ground and space observations
are expected from galaxy surveys performed from space with
Euclid and from the ground with DESI [42,43]. Similarly,
recent or incoming observations of the CMB from the
ground with telescopes such as ACT [44], SPT [45] and
the Simons Observatory [46] could surpass the last bounds
set by Planck in [33] on the value of the fine-structure
constant at z ~ 1100. Further high precisions improvements
from the CMB polarization are also to be expected in the next
decades from ground with the CMB Stage-4 telescope and
from space with the LiteBIRD satellite [47,48].

The pipeline developed in the present work can easily be
generalized to constrain all possible variations of the fine-
structure constant driven by a scalar field and could be
extended to other fundamental constants. Instead of con-
straining the field parameters alone, it allows one to evaluate
its impact in relation with all the cosmological parameters.
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APPENDIX: MCMC CHAIN PLOTS AND TABLES

We display here information about the chains and their
convergence derived using MONTEPYTHON in Sec. A 1. Full
plots using GETDIST and including the cosmological para-
meters are also displayed in Sec. A 2.

TABLE IV. Complementary information for the free para-
meters of the BSBM model (not including nuisance para-
meters). In the first column, we show the parameter name, in
the second column the |R— 1| Gelman-Rubin convergence
criterion, and in the third and fourth columns the mean and
standard deviation, respectively, to initialize the chains with
(these are not priors). Total number of accepted steps: 3736795
for 16 chains.

Parameter R-1 o 0y
100w, 0.005936 2.2377 0.015
@cdm 0.003368 0.12010 0.0013
H, 0.002793 67.8 0.5
In10'0A; 0.005616 3.0447 0.015
ng 0.005490 0.9659 0.0042
Zreio 0.006086 8 0.5
¢ (ppm) 0.002793 0 0.1

—1In Ly, = 2047.22

TABLE V. Same as Table IV, but for the O&P model univer-
sally coupled to matter. Total number of accepted steps: 1174065
for 14 chains.

Parameter R-1 Ho o)
100w, 0.013401 2.2377 0.015
Ocdm 0.018249 0.12010 0.0013
H, 0.020532 67.8 0.5
In 1004, 0.013956 3.0447 0.015
n, 0.033703 0.9659 0.0042
Zreio 0.010774 8 0.5
N (PPm) 0.020532 0 106
7 (ppm) 0.017963 0 0.01

—1In L, = 2048.09

TABLE VI. Same as Table IV, but for the full O&P model. Total
number of accepted steps: 1143660 for 28 chains.

Parameter R-1 Ho 09
100w, 0.007294 2.2377 0.015
®cdm 0.005807 0.12010 0.0013
H, 0.005984 67.8 0.5
In 10104 0.006341 3.0447 0.015
g 0.005657 0.9659 0.0042
Zreio 0.005787 8 0.5
1, (ppm) 0.005984 0 0.01
7, (ppm) 0.005984 0 1076
na (ppm) 0.037416 0 0.01

—1In L, = 2047.41
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1. Convergence information

Tables 1V, V, and VI list the convergences of the chain
specified through the Gelman-Rubin criterion |R —1].
Values much smaller than 0.1 typically indicate well con-
verged chains, which is the case for all parameters across all
chains. We further show for reproducibility the initial guesses
for mean and standard deviation (y( and o, respectively) to
reduce the burn in of the MCMC chains. We stress that these
are not Gaussian priors imposed on our parameters.

0122 |-
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69
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2. Full corner plots

In this section, we display the full corner plots for the three
models analyzed in Sec. IV. The very good convergence is
immediately apparent in the figures, as well as the lack of any
significant degeneracy with the parameters of the given
model. A very attentive reader might notice that the corre-
lations of the Bekenstein and cosmological parameters are
not always prefect ellipses, hence indicating the nontriviality
of such a study.
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